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THE INFLUENCE OF THERMAL DISTORTION ON THE PERFORMANCE 
OF GRAVITY-STABILIZED  SATELLITES 
By Gerd Kanning 
Ames Research  Center 
SUMMARY 
An a n a l y s i s  i s  made o f  t h e  e f f e c t  o f  t h e r m a l  d i s t o r t i o n  of  booms on t h e  
a t t i t u d e  o f  a g r a v i t y - s t a b i l i z e d  s a t e l l i t e .  The a t t i t u d e  computed when only 
t h e  e f f e c t s  o f  t h e r m a l  d i s t o r t i o n  on the  so l a r  p re s su re  to rques  were  cons id -  
ered i s  compared w i t h  t h e  a t t i t u d e  computed when the  in t e rdependen t  e f f ec t s  
of changing geometry and mass d i s t r i b u t i o n  were considered as well. 
The ca lcu la t ions  were  made f o r  s e v e r a l  s a t e l l i t e s  h a v i n g  e i t h e r  s y m m e t r i -  
ca l   o r   asymmetr ica l  boom ar rangements .   Calcu la t ions   for  a l l  arrangements 
were made f o r  low o r b i t s  i n c l i n e d  45" t o  t h e  s u n l i n e .  I n  a d d i t i o n ,  c a l c u l a -  
t ions were made f o r  one symmetr ic  configurat ion for  synchronous al t i tude.  
The resu l t s  ind ica ted  tha t  inc luding  the  e f fec ts  of  changing  geometry  and  
mass d i s t r i b u t i o n  i s  not  important  for  symmetr ical  arrangements ,  but  i s  
important  for  asymmetrical  boom arrangements.   Furthermore,   for  asymmetrical  
boom arrangements, it was found tha t  the  thermal  d is tor t ion  can  provide  some 
compensation f o r  t h e  u n b a l a n c e d  s o l a r  p r e s s u r e  t o r q u e s  a t t r i b u t a b l e  t o  asym- 
metry.  Thus,  the best  point ing accuracy might  be achieved with booms designed 
to  have  a s p e c i f i c  t h e r m a l  d i s t o r t i o n .  
INTRODUCTION 
F o r  g r a v i t y  s t a b i l i z a t i o n  o f  a s a t e l l i t e  l a r g e  d i f f e r e n c e s  i n  t h e  
p r i n c i p a l  moments o f  i n e r t i a  are r e q u i r e d  t o  a c h i e v e  s a t i s f a c t o r y  r e s t o r i n g  
torque  leve ls .  These  d i f fe rences  are usua l ly  obta ined  by  erec t ing  one  or  
more booms from t h e  main s a t e l l i t e  body,  or  "s tab i l ized  package ."  The booms 
a r e  a l s o  a sou rce  o f  d i s tu rbance  a r i s ing  from s o l a r  r a d i a t i o n  p r e s s u r e  f o r c e s .  
C a r e f u l  d e s i g n  o f  t h e  s a t e l l i t e  i s  r e q u i r e d  t o  m i n i m i z e  a t t i t u d e  e r r o r s  
r e s u l t i n g  from t h i s  d i s t u r b a n c e .  
The obvious way o f  min imiz ing  the  a t t i t ude  e r ro r s  i s  t o  minimize the 
unba lanced  so la r  t o rques .  Th i s  can  be  accompl i shed ,  i n  p r inc ip l e ,  by  ( a )  
e r e c t i n g  t h e  booms symmetr ica l ly  and  (b)  cons t ruc t ing  the  booms s o  t h a t  t h e y  
do not  bend when hea ted  by  so la r  r ad ia t ion .  Cond i t ion  ( a )  ensu res  tha t  t he  
c e n t e r s  o f  s a t e l l i t e  and p r o j e c t e d  area nominal ly  co inc ide  whi le  condi t ion  
(b )  ensu res  tha t  cond i t ion  ( a )  ho lds  fo r  a l l  o r i e n t a t i o n s  o f  t h e  s a t e l l i t e  
r e l a t i v e  t o  t h e  s u n .  
Condition  (a)  imposes a c o n s i d e r a b l e  r e s t r i c t i o n  on t h e  p e r m i s s i b l e  
s a t e l l i t e  geometry  and ,  therefore ,  g rea t ly  infuences  the  overa l l  des ign .  
The c o n f i g u r a t i o n s  t h a t  s a t i s fy  condi t ion  (a )  tend  to  have  a l a r g e  number  of 
booms s i n c e  t h e y  must be arranged in symmetrically disposed pairs,  implying 
added  compl i ca t ion ,  l ower  r e l i ab i l i t y ,  and  poss ib ly  g rea t e r  s t ab i l i za t ion  
system mass than  asymmetrical  arrangements. I f  t he   a t t i t ude   pe r fo rmance  
r equ i r emen t s  o f  t he  sa t e l l i t e  a r e  no t  t oo  s t r ingen t ,  t he  r educed  compl i ca t ion  
of an asymmetrical boom arrangement may be  more important  than the decrease 
i n  a t t i t u d e  e r r o r s  g a i n e d  by  minimizing  solar   torques.   This  is  t h e  s i t u a t i o n  
f o r  low a l t i t u d e  s a t e l l i t e s  f o r  which t h e  g r a v i t y  g r a d i e n t  is r e l a t i v e l y  
l a r g e  and t h e  a t t i t u d e  p e n a l t i e s  f o r  u n b a l a n c e d  s o l a r  t o r q u e s  more t o l e r a b l e ,  
I t  may, t h e r e f o r e ,  be advantageous from the aspect  of  overal l  design not  to  
a t t e m p t  t o  meet c o n d i t i o n  ( a ) .  
I t  is  i m p o r t a n t  t o  r e c o g n i z e  h e r e  t h a t  f a i l u r e  t o  meet condi t ion  (a )  may 
inva l ida t e   cond i t ion   (b )  as a means of  m i n i m i z i n g   a t t i t u d e   e r r o r s .  A s  an 
i l l u s t r a t i o n ,  c o n s i d e r  t h e  s t a t i c  e q u i l i b r i u m  s t a t e  o f  t h e  s i m p l e ,  a s y m m e t r i c ,  
s i n g l e  boom s a t e l l i t e  shown i n  f i g u r e  1. Although  the  thermal   dis tor t ion 
changes the magnitude of  the unbalanced solar  torques act ing on t h i s  s a t e l -  
l i t e ,  t h e  e f f e c t  i s  small compared w i t h  t h a t  r e s u l t i n g  from the basic  geomet-  
Sotel l t te 
polntlng oxis 
r i c a l  asymmetry.  Therefore , if t h e  
mass of  the  boom i s  small compared 
with the masses  of  both the t ip  and 
the   s t ab i l i zed   package ,   t he   ang le  a 
between the ver t ical  and the l ine con-  
n e c t i n g  t h e  t i p  mass t o  t h e  s t a b i l i z e d  
package   ( f ig .   l ( a ) )  i s  o n l y   s l i g h t l y  
thermal   d i s tor t ion   (provided  i t  i s  not 
t o o  g r e a t )  r o t a t e s  t h e  s t a b i l i z e d  
package so  t h a t  t h e  e a r t h - p o i n t i n g  
a x i s ,  f i x e d  i n  t h e  s t a b i l i z e d  p a c k a g e  , 
$ 
a inf luenced by t h e r m a l   d i s t o r t i o n .  But 
I 
(0)  Vertlcol ( b )  Vertlcal 
i s  c l o s e r  t o  t h e  v e r t i c a l  ( f i g .  l ( b )  , 
angle B ) ,  and point ing  accuracy i s  
i'mproved.  This  example  demonstrates 
Figure 1.- Simple asymmetric two-axis gravity- the   pure ly   geometr ica l   benef i t s   o f  
stabilized  sa ellite. t h e r m a l   d i s t o r t i o n .  
These geometr ic  effects  on a s y m e t r i c a l  s a t e l l i t e s  a r e  n o t  t h e  o n l y  
b e n e f i t s  of  t h e r m a l   d i s t o r t i o n .  I t  a lso  changes  the mass d i s t r i b u t i o n   o f  some 
s a t e l l i t e s  s o  as t o  r e d u c e  p o i n t i n g  e r r o r s .  C o n s i d e r  t h e  s t a t i c  e q u i l i b r i u m  
state   of   the   s imple,   asymmetr ic ,  two-boom s a t e l l i t e  shown i n  f i g u r e  2 ,  whose 
po in t ing   ax i s  i s  n o r m a l l y   p a r a l l e l   t o   t h e   p r i n c i p a l  axis o f  i n e r t i a .  With 
t h e  s o l a r  r a d i a t i o n  i n  t h e  d i r e c t i o n  i n d i c a t e d ,  boom A e x p e r i e n c e s  p r a c t i c a l l y  
no so lar  pressure ,  whereas  boom B i s  a lmos t  o r thogona l  t o  the  r ad ia t ion  and 
experiences  the maximum s o l a r   p r e s s u r e .   R e l a t i v e l y   l a r g e   u n b a l a n c e d   s o l a r  
t o rques   t he re fo re  act on t h e   s a t e l l i t e .   I n   e q u i l b r i u m ,   t h e   p r i n c i p a l   a x i s   o f  
i n e r t i a  makes an a n g l e  w i t h  t h e  l o c a l  v e r t i c a l ,  and f o r  a s a t e l l i t e  w i t h o u t  
t he rma l   d i s to r t ion ,   t he   po in t ing   ax i s  makes t h e  same ang le .  On t h e  o t h e r  
h a n d ,  t h e r m a l  d i s t o r t i o n  r o t a t e s  t h e  p r i n c i p a l  a x i s  o f  i n e r t i a  s o  t h a t  i t  i s  





(0) Vert lcal 
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(b) Vert lcal 
Figure 2.- Simple  asymmetric  three-axis  stabilized 
satellite. 
a minor  inf luence on t h e  s o l a r  p r e s s u r e  t o r q u e s ,  it is  c l e a r  from f i g u r e  2 
t ha t   t he   po in t ing   axes  must  be ro t a t ed   t oward   t he   l oca l   ve r t i ca l .   Po in t ing  
accuracy is again  improved. 
The major  object ion to  these arguments  i s  t h a t ,  e x c e p t  f o r  c e r t a i n  
s p e c i a l  o r b i t s  and s a t e l l i t e  c o n f i g u r a t i o n s ,  s t a t i c  e q u i l i b r i u m  n e v e r  o c c u r s .  
I n  g e n e r a l ,  s i n c e  t h e  t h e r m a l  d i s t o r t i o n  v a r i e s  w i t h  p o s i t i o n  o f  t h e  s a t e l -  
l i t e  i n  t h e  o r b i t ,  t h e  mass d is t r ibu t ion  var ies  cont inuous ly  and  r ig id-body 
dynamics  do not   apply.  An adequate  dynamical  model  must  represent  not  only 
the  ra tes  of  change  of  iner t ia  bu t  a l so  the  ra tes  of  change  of  the  angular  
momentum o f  t h e  d i s t o r t i n g  p o r t i o n s  o f  t h e  s a t e l l i t e  re la t ive  t o  t h e  r i g i d  
s t ab i l i zed   package .  The simple  arguments,  based on s t a t i c   e q u i l i b r i u m ,   n e v e r -  
t h e l e s s ,  g i v e  t h e  i n t u i t i v e  f e e l i n g  t h a t  a t t i t u d e  e r r o r s  c a n  b e  r e d u c e d  by 
pe rmi t t i ng  a c o n t r o l l e d  amount o f   t he rma l   d i s to r t ion .   Th i s   poss ib i l i t y   mer i t s  
i n v e s t i g a t i o n  i n  view of  recent  advances in  boom technology, which allow the 
designer  much greater  control  over  thermal  bending.  
Flexural motions of booms d i s t i n c t  from t h e  t h e r m a l  d i s t o r t i o n  d e s c r i b e d  
above  can a l s o  be  caused by s o l a r  h e a t i n g .  Two types  of   f lexural   motion  have 
been  observed,  neither  of  which i s  c o n s i d e r e d   i n   t h i s   s t u d y .  One is t h e  
r e s u l t  o f  i n s t a b i l i t y  c a u s e d  by s t eady   hea t ing .   Th i s   i n s t ab i l i t y   can   p roduce  
d i s tu rbances  f a r  exceeding  those  resu l t ing  from the  type  of  boom motion  con- 
s i d e r e d   i n   t h i s   s t u d y   ( s e e   r e f .  2 ) .  However, r e c e n t  improvements i n  boom 
des ign   shou ld   e l imina te   t h i s   t ype   o f   f l exura l   mo t ion   ( s ee   r e f .  3 ) .  The 
second type of flexural motion i s  caused by sudden  temperature  changes as t h e  
s a t e l l i t e  moves i n t o  and  out   of   the   ear th 's  shadow (thermal  twang).   For  the 
s a t e l l i t e s  u n d e r  c o n s i d e r a t i o n ,  t h e  p e r i o d  of t h e s e  o s c i l l a t i o n s  w i l l  be much 
s h o r t e r   t h a n   t h e   p e r i o d   o f   t h e   l i b r a t i o n a l   m o t i o n .   T h e r e f o r e ,   l i t t l e   c o u p l i n g  
will e x i s t  and t h e  l i b r a t i o n a l  and f l e x u r a l  modes can be analyzed separately.  
I n  t h i s  p a p e r ,  t h e  i n f l u e n c e  o f  t h e r m a l  d i s t o r t i o n  on one  symmetric  and 
two asymmetric s a t e l l i t e   c o n f i g u r a t i o n s  is  examined ( f i g .  . 3 ) .  A l l  three  con-  
f i g u r a t i o n s  a r e  s t a b i l i z e d  a b o u t  a l l  axes  and are o f  t he  coup led ,  s ing le  dam- 
pe r   t ype   ( r e f .   1 ) .   I n   bo th   a symmet r i ca l   con f igu ra t ions   t he   f i xed  booms form 
a symmetrical V f i x e d   t o   t h e   s t a b i l i z e d   p a c k a g e  a t  the  apex.  In  one  con- 
f i g u r a t i o n   t h e  V is  b i s e c t e d  by t h e   l o c a l   v e r t i c a l  and  points   ear thward.   In  
5 
v 
(a) Vertically (b) Horizontally (c) Symmetric. 
symmetric.  symmetric. 
Figure 3.- Inertially  coupled,  three-axis  gravity-oriented 
satellites. 
t h e  o t h e r  it i s  
b i s e c t e d  by t h e  l o c a l  
hor izonta l  p lane  and  
p o i n t s  a p p r o x i m a t e l y  i n  
t h e  d i r e c t i o n  o f  t h e  
ve loc i ty   vec to r .   These  
s a t e l l i t e s  are termed 
t h e  v e r t i c a l l y  a n d  h o r i -  
zontal ly  symmetr ic  
s a t e l l i t e s ,  r e s p e c t i v e l y  
( f i g .  3 ) .  The s tudy  i s  
d i r e c t e d  a t  determining 
t h e  v a r i a t i o n  o f  a t t i -  
t u d e  e r r o r s  due t o  s o l a r  
p re s su re  to rque  a lone ,  
over  a range  of  va lues  
o f  t he  r ad ius  o f  cu rva -  
t u r e  of t he  the rma l ly  
d i s t o r t e d  booms. 
I t  has  been customary in  past  s tudies  of  t he rma l ly  d i s to r t ed  symmet r i ca l  
s a t e l l i t e s  t o  assume t h a t  t h e  dynamic e f f e c t s  of v a r i a b l e  mass d i s t r i b u t i o n  
are small ( r e f .  4 ) .  The  argument for   neglec t ing   these   t e rms   f rom  the   equa-  
t i o n s  of  motion i s  based on the nominal  synmetry of  the configurat ion and the 
o f  t h e  d i s t o r t e d  s h a p e .  The v a l i d i t y  of  th i s   assumpt ion  is  a l s o  
i n  t h i s  p a p e r .  
NOhIENCLATURE 
damping c o n s t a n t  o f  a n g u l a r  r a t e  damper; made dimensionless  by 
d iv id ing  by Idwo 
un i t  vec to r s  a long  the  axes  o f  p r i n c i p a l  moments of i n e r t i a  of t h e  
main s a t e l l i t e  body 
spr ing  cons tan t  of  mechanical spring connected to the damper boom; 
made dimensionless   by  dividing by IdWo2 
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body: C2 l i e s  a long   t he   h inge   ax i s   o f   t he  damper, c 1  l i e s  along 
t h e  damper boom i n   e q u i l i b r i u m ,  and C 3  l i e s  along V j  
- 
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element of mass o f  damper boom 
element of mass o f  main body 
f o r c e  on p a r t i c l e  o f  mass dm 
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i n e r t i a  m a t r i x  o f  t h e  main body 
damper boom moment o f  i ne r t i a  abou t  t he  h inge  ax i s  
un i t  vec tors  def in ing  r igh t -hand or thogonal  re ference  f rame f ixed  a t  
s a t e l l i t e   c e n t e r   o f  mass: 6 3  is  d i r ec t ed   t oward   t he   cen te r   o f  
t h e   e a r t h ;  01 i s  i n   t h e   d i r e c t i o n   o f   m o t i o n  
r a d i u s  o f  c u r v a t u r e  o f  a boom t o  i t s  a x i s  when s o l a r  r a d i a t i o n  i s  
normal 
cen te r  o f  mass loca t ion  o f  damper 
vec to r  from c e n t e r  o f  mass o f  t he  main  body t o  p a r t i c l e  o f  mass dm 
a t t i t u d e   a n g l e s   r e l a t i n g  Vj frame t o  6 .  f r ame ;   ro l l  i s  a r o t a -  
- 
t i on  abou t  t he  ve loc i ty  vec to r ;  p i t ch  is  a nega t ive  ro t a t ion  abou t  
the  angular  ve loc i ty  vec tor ,  and  yaw i s  a ro t a t ion  abou t  t he  
ea r th -po in t ing  ax i s  
J 
t o t a l  t o r q u e  on  main  body 
torque on the damper boom due t o  t h e  main body 
ex te rna l  t o rques  on t h e  body 
ex te rna l  t o rques  on t h e  damper 
un i t  dyad ic  ope ra to r  
uni t  vectors  def ining or thogonal  reference frame f ixed in  main 




v e l o c i t y   o f   p a r t i c l e  dm; given by - d t  
damper offset   angle;   angle   between V 2  and C2 axes 
o r b i t a l  a n g u l a r  ra te  
angu la r  r a t e  o f  body w i t h  r e s p e c t  t o  t h e  i n e r t i a l  f r a m e  
angular  ve loc i ty  of  damper  body w i t h  r e s p e c t  t o  i n e r t i a l  s p a c e  
ANALY S I S 
e f f e c t s  o f  t h e r m a l  d i s t o r t i o n  were analyzed by comparing the calcu- 
l a t ed  s t eady- s t a t e  r e sponse  when t h e r m a l  d i s t o r t i o n  was assumed t o  i n f l u e n c e  
the  so l a r  p re s su re  to rques  a lone ,  and when it was a l s o  assumed t o  c a u s e  v a r i -  
a t ions   in   geometry   and   the  mass d i s t r i b u t i o n .  The s teady-s ta te   mot ion  was 
ca l cu la t ed  in  each  case  by a d i g i t a l  i n t e g r a t i o n  o f  t h e  e q u a t i o n s  o f  m o t i o n  
5 
over a s u f f i c i e n t  t i m e  t o  p e r m i t  t r a n s i e n t  m o t i o n  t o  become n e g l i g i b l e .  The 
s c a l a r  e q u a t i o n s  t h a t  were integrated were expanded from the vector  equat ions 
of motion given in the appendix A .  
I n  c a l c u l a t i n g  t h e  v a r i a t i o n  o f  t h e  mass d i s t r i b u t i o n  c a u s e d  by thermal 
dis tor t ion,  the fol lowing assumptions were made concerning the bending of the 
booms: 
1. Curvature was assumed to   be   cons tan t   th roughout   the   l ength   o f   any  
boom . 
2 .  The cu rva tu re   fo r  a g iven   so l a r   i nc idence  was i d e n t i c a l  f o r  a l l  
booms and was p ropor t iona l  t o  the  absorbed  energy  per  un i t  l ength .  
3. The plane  def ined by a curved boom c o n t a i n s  t h e  s u n l i n e .  
4 .  A boom reaches i t s  thermal   equi l ibr ium  pos i t ion   ins tan taneous ly  
following a change i n  i l l u m i n a t i o n .  
The las t  assumption el iminates  any cons ide ra t ion  of f l e x u r a l  modes of 
motion. 
The a n a l y s i s  was l i m i t e d  t o  a s t u d y  o f  s e v e r a l  s p e c i f i c  s a t e l l i t e  con- 
f i g u r a t i o n s .  The conf igu ra t ions  were r e l a t e d  i n  t h a t  e a c h  r e l i e d  s o l e l y  upon 
g r a v i t y  f o r  b o t h  s t a b i l i z a t i o n  and  damping. The pr inc ipa l   d i f fe rence   be tween 
the  va r ious  conf igu ra t ions  was the  number o r  o r i e n t a t i o n  o f  t h e  booms. 
Detai ls  of  the geometry,  mass d i s t r i b u t i o n ,  and o r b i t s  a r e  g i v e n  i n  t a b l e  I ,  
and sketches of each are shown i n  f i g u r e  3. 
I t  was assumed i n  c a l c u l a t i n g  t h e  a t t i t u d e  m o t i o n  t h a t  d i s t u r b a n c e s  from 
s o l a r  r a d i a t i o n  were   t he   on ly   sou rce   o f   a t t i t ude   e r ro r .  The c a l c u l a t e d  a t t i -  
t u d e  e r r o r s  t h e r e f o r e  a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  t o t a l  e r r o r  t h a t  m i g h t  
e x i s t  f o r  a n  a c t u a l  s a t e l l i t e .  Most of t h e  r e s u l t s  a r e  f o r  s a t e l l i t e s  
assumed t o  be i n  a 1200 km o r b i t  i n c l i n e d  45" t o  t h e  s u n l i n e .  F o r  t h i s  
p a r t i c u l a r   o r b i t ,   t h e   s a t e l l i t e   p a s s e s   t h r o u g h   t h e   e a r t h ' s  shadow. The 
e f f e c t s  o f  t h e r m a l  d i s t o r t i o n  on a s y m m e t r i c a l  s a t e l l i t e  i n  a synchronous 
e q u a t o r i a l  o r b i t  a t  the  t ime of  a s o l s t i c e  were a l s o  s t u d i e d .  
RESULTS A N D  DISCUSSION 
Asymmetr ica l   Sa te l l i t es  
The boom ar rangements  for  the  asymmetr ica l  sa te l l i t es  were  chosen  to  
s a t i s f y  a g i v e n  s e t  of moment of  i n e r t i a  r a t i o s  w i t h  no cons idera t ion  g iven  
to  minimizing  solar  disturbances  or  the  response  to  them.  Comparisons  of  the 
po in t ing  accu rac i e s  o f  t he  two asymmet r i ca l  s a t e l l i t e s  t he re fo re  have  l i t t l e  
meaning s ince  e i ther  might  be  improved  cons iderably ,  and  e i ther  might  be  con-  
s i d e r a b l y  d i f f e r e n t  i f  t h e  i n c l i n a t i o n  of t h e  o r b i t  t o  t h e  s u n  were changed. 
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The i n f l u e n c e  of  t h e  v a r i a t i o n  i n  mass d i s t r i b u t i o n  c a u s e d  by thermal 
d i s t o r t i o n  on t h e  a t t i t u d e  m o t i o n  was q u i t e  d i f f e r e n t  f o r  t h e  two configura-  
t i o n s  s t u d i e d  as is  i l l u s t r a t e d  i n  f i g u r e  4 .  F o r  t h e s e  p a r t i c u l a r  r e s u l t s ,  
t h e  booms were  r ep resen ta t ive  o f  t he  nonpe r fo ra t ed ,  s i l ve r -p l a t ed ,  be ry l l i um-  
copper booms which have a cu rva tu re  when normal t o  t h e  s u n l i n e  o f  a b o u t  457 m .  
F o r  t h e  v e r t i c a l l y  s y m m e t r i c  s a t e l l i t e ,  t h e  maximum e r r o r  i n  e a r t h  p o i n t i n g  
was underestimated by a f a c t o r  o f  abou t  5 ,  and  the  e r ro r  i n  yaw by a f a c t o r  
of about 2 when t h e r m a l  d i s t o r t i o n  was assumed t o  i n f l u e n c e  o n l y  t h e  s o l a r  
p r e s s u r e  t o r q u e .  I n  c o n t r a s t ,  i n c l u d i n g  a l l  t h e  e f f e c t s  o f  t h e r m a l  d i s t o r -  
t i o n  was no t  as impor t an t  i n  ca l cu la t ing  the  a t t i t ude  mot ion  o f  t he  ho r i zon-  
t a l l y  symmetric s a t e l l i t e .  For t h i s  s a t e l l i t e ,  i n c l u d i n g  a l l  t h e  e f f e c t s  
changed the phase but  not  the magnitude of  the small p i t c h  and r o l l  e r r o r s  
( s e e  f i g .  4 ( b ) ) .  The c a l c u l a t e d  yaw a t t i t ude ,   however ,  was s e n s i t i v e  t o  
i n c l u s i o n  o f  a l l  of t h e  e f f e c t s  of d i s t o r t i o n .  I n c l u s i o n  of a l l  of t h e  
e f f ec t s  dec reased  the  ampl i tude  o f  t he  ca l cu la t ed  yaw motion and indicated a 
change i n  t h e  yaw b i a s  of about - 2 ' .  
t 
Al l  dlstortlon  effects  mcluded 
pressure  torque only ' 
_" Dls tor t lon  e f fect  on solor 
t 
Orbits 
(a) Vertical  symmetric. 
Orbl ts  
(b) Horizontally  symmetric. 
Figure 4.- The  effect of thermal  distortion on the  performance 
of  an  asymmetrical  satellite; R = 457 m. 
I n  t h e  I n t r o d u c t i o n  it was a rgued  tha t  a s p e c i f i e d  amount of  thermal  
d i s t o r t i o n  m i g h t  r e d u c e  t h e  a t t i t u d e  e r r o r s .  T h i s  p o s s i b i l i t y  was i n v e s t i -  
ga t ed  by  va ry ing  the  boom curva tu re ,  R ,  due t o  t h e r m a l  d i s t o r t i o n ,  a n d  com- 





0 ,001 .002 
I 
Boom curvature, I / R  
Figure 5.- RMS pointing  error  as  a 
function of boom  curvature. 
- A l l  dlstortton  effects  Included 
-" Dlstortlon  effect on solar 
pressure  torque only 0- 
-1.0 I I I I 
0 .2 .4 .6 .B 1.0 
Orblts 
Figure 6.- Steady-state  performance  for  a 
low altitude  symmetric  satellite; 
R = 457 m. 
are summarized i n  f i g u r e  5 where i t  i s  shown 
t h a t  minima do e x i s t  f o r  a boom curva tu re  
o the r   t han   ze ro .   Fo r   t he  two  examples  given, 
t h e  l a r g e s t  e f f e c t  o f  v a r y i n g  t h e  c u r v a t u r e  
is  t o  r e d u c e  t h e  RMS r o l l  a n g l e  o f  t h e  v e r t i -  
c a l l y  s y m m e t r i c  s a t e l l i t e  f r o m  3" f o r  a t y p i -  
c a l  n o n p e r f o r a t e q  s i l v e r - p l a t e d  boom 
(1/R = 0.0022 m- ) t o  n e a r l y  z e r o  f o r  a boom 
wi th   nea r ly   ze ro   cu rva tu re .   Fo r   t h i s   pa r t i c -  
ular  example,  the engineer ing choice would 
probably be a boom des igned  to  have  zero  
cu rva tu re .  
F o r  t h e  h o r i z o n t a l l y  s y m m e t r i c  s a t e l l i t e ,  
t h e  minimum RMS e r r o r s  o c c u r  a t  a rod curva- 
ture   of   about   0 .0014 m - l .  The p r i n c i p a l  
e f f e c t  o f  c h a n g i n g  c u r v a t u r e  f o r  t h i s  sa te l -  
i t e  i s  a change i n  t h e  yaw e r r o r .   D e t a i l e d  
examination of the t ime histories from which 
t h e  r e s u l t s  o f  f i g u r e  6 were derived shows 
t h a t  t h e  minimum RMS yaw e r r o r  o c c u r s  when 
t h e  s t e a d y  component o f  t h e  yaw e r r o r  i s  
zero.  I t  is  a n t i c i p a t e d  t h a t  a change i n  t h e  
o r b i t  r e l a t i o n  t o  t h e  s u n l i n e  m i g h t  a l t e r  
t h i s  s t e a d y  yaw b i a s  and t h e  boom curva tu re  
f o r  which i t  is  zero.  
I t  must be emphasized that  a l l  o f  t h e  
r e s u l t s  p r e s e n t e d  a r e  c o n s i d e r e d  t o  b e  i s o -  
la ted  examples .  The only  conclusion  that   can 
be drawn i s  t h a t  a l l  o f  t h e  e f f e c t s  o f  t h e r -  
mal d i s t o r t i o n  must be  inc luded  when the  pe r -  
f o r m a n c e  o f  g r a v i t y  s t a b i l i z e d  s a t e l l i t e s  
with asymmetrical  boom arrangements i s  e s t i -  
m a t e d .   I n   a d d i t i o n ,   t h e   p o s s i b i l i t y  o f  mini- 
miz ing  the  e r ro r s  t h rough  spec i f i ca t ion  o f  
boom curva tu re  shou ld  be  inves t iga t ed .  
Symmet r i ca l  Sa te l l i t e  
I t  has been assumed in  pas t  per formance  
s tud ie s  o f  symmet r i ca l  g rav i ty  s t ab i l i zed  
s a t e l l i t e s  t h a t  t h e  p r i m a r y  e f f e c t  o f  t h e r m a l  
d i s t o r t i o n  was i t s  in f luence  on s o l a r  p r e s -  
s u r e   t o r q u e s   ( s e e   r e f .  4 ) .  The argument 
suppor t ing  th i s  assumpt ion  i s  t h a t  d i s t o r t i o n  
w i l l  a l w a y s  r e s u l t  p r i m a r i l y  i n  t r a n s l a t i o n  
o f ,  t h e  p r i n c i p a l  a x e s  r e l a t i v e  t o  t h e  s t a b i -  
, l i z e d  p a c k a g e  a n d  r e l a t i v e  t o  t h e  o r b i t a l  
re fe rence  axes .  
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S y m m e t r i c a l  g r a v i t y  s t a b i l i z e d  s a t e l l i t e s  a r e  c o n s i d e r e d  p r i m a r i l y  f o r  
h i g h  a l t i t u d e  o r b i t s  ( s u c h  as synchronous  orbits)   where asymmetry  cannot  be 
to le ra ted  because  of  la rge  unbalanced  
s o l a r - p r e s s u r e   t o r q u e s .  For t h i s   r e a s o n ,  
t he  e f f ec t s  o f  t he rma l  d i s to r t ion  were  
s t u d i e d  f o r  a synchronous s a t e l l i t e  as wel l  
- All dlsiortlon effects Nncluded as f o r  a s a t e l l i t e   i n  a 1200 km o r b i t .  A t  
Dlstortlon effect on solor 
pressure torque only t h e   l o w e r   a l t i t u d e ,   t h e   a t t i t u d e   e r r o r s  
V a r e  small ( f i g .  6 ) .  The e r r o r s   i n   e a r t h  
[W 1 p o i n t i n g  and i n  yaw are  underestimated  by
only about 0.1 '  and 0 . 5 ' ,  r e s p e c t i v e l y ,  
-2 when d i s t o r t i o n  i s  assumed t o   i n f l u e n c e
so la r   p re s su re   t o rque   on ly .  Even though 
t h e  d i f f e r e n c e  i n  t h e  two es t ima tes  i s  
t h e   t o t a l   e r r o r .  For a synchronous   sa te l -  
l i t e ,  t h e  s i t u a t i o n  is  q u i t e  d i f f e r e n t .  
g rea t ly  reduced  and t h e  r a t i o  o f  s o l a r  d i s -  
t u rbance  to rque  to  r e s to r ing  to rque  i s  
i n c r e a s e d  b e c a u s e  o f  r e s t r i c t i o n s  p l a c e d  on 
t h e  mass t h a t  c a n  b e  a l l o t t e d  t o  t h e  s t a b i -  
l i za t ion   sys t em.  A cor responding   increase  
occurs  in  the  impor tance  of  the  so la r  pres -  
-2 A t  t h i s   a l t i t u d et h e   g r a v i t y   g r a d i e n  i s  
-2 sure  torque  caused  by  thermal  d is tor t ion  
-3  compared t o   t h e   o t h e r   e f f e c t s .   T h i s  i s  
I i l l u s t r a t e d  i n  f i g u r e  7 where the  ca lcu-  - 4  I 
0 .2 .4 .6 .e 1.0 
Or bl I s  l a ted   mot ion  i s  shown f o r   t h e   s a t e l l i t e  
w i t h  t h e  c h a r a c t e r i s t i c s  l i s t e d  i n  t a b l e  I .  
I n  t h i s  i n s t a n c e ,  t h e  e r r o r  a t t r i b u t a b l e  t o  
Figure 7.- The  effect of thermal  distortion on so la r  p re s su re  to rque  a lone  i s  nea r ly  iden -  
the  performance of a symmetric satellite at i c a l  t o  t h a t  c a l c u l a t e d  when a l l  o f  t h e  
synchronous  altitude. d i s t o r t i o n  e f f e c t s  a r e  i n c l u d e d .  
CONCLUSIONS 
Thermal d i s t o r t i o n  o f  t h e  booms of a g r a v i t y  s t a b i l i z e d  s a t e l l i t e  
i n f l u e n c e s  t h e  a t t i t u d e  o f  t h e  s a t e l l i t e  n o t  o n l y  by caus ing  so la r  p re s su re  
torques ,   bu t  by chang ing   t he   s a t e l l i t e   geomet ry  and mass d i s t r i b u t i o n .  Such 
changes ,  whi le  re la t ive ly  unimpor tan t  for  a symmet r i ca l  s a t e l l i t e ,  can  be  as 
impor t an t   fo r   an   a symmet r i ca l   s a t e l l i t e   a s   t he   so l a r   p re s su re   t o rques .   Fu r -  
thermore, minimum p o i n t i n g  e r r o r s  f o r  a s y m m e t r i c a l  s a t e l l i t e s  may occur  with 
booms t h a t  have a nonzero thermally induced curvature .  
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DEVELOPMENT OF THE VECTOR EQUATIONS OF MOTION 
FOR GRAVITY-STABILIZED  SATELLITE 
The equat ions o f  motion f o r  t h e  g r a v i t y - s t a b i l i z e d  s a t e l l i t e  c o n f i g u r a -  
t ions  s tud ied  a re  deve loped-  here  in  vec tor  form.  Cons ider  the  ske tch  i n  
f i g u r e  8. The f o r c e  on p a r t i c l e  dm i s  given  by ,!
Particle of / 
Figure  8 . -  A particle of mass dm moving i n  
some arbitrary  path. 
The t ime der ivat ive of  (Tm x vm) i s :  
- dvm 
F, = dm - d t  
Then the  to rque  on t h e  s a t e l l i t e  w i l l  
b e  : 
m 
I f  equat ion (1) i s  s u b s t i t u t e d  i n t o  ( 2 )  
o r  
Subs t i t u t e  equa t ion  (4)  i n t o  e q u a t i o n  (3) 
b u t  
then  equation  (5) becomes 
10 
- 
The v e l o c i t y  Vm o f  t h e  p a r t i c l e  w i t h  r e s p e c t  t o  t h e  i n e r t i a l  f r a m e  
be  expressed  by  the  k inemat ic  re la t ion :  
vm = ($)i = ( q b  + W b / i  x Fm 
I f  equat ion (7) i s  s u b s t i t u t e d  i n t o  (6) 
I f  t h e  f i r s t  term of  equat ion (8) is  expanded 
Expanding the second term of equation (8) y i e l d s  
- 
where U i s  t h e   u n i t   d y a d i c   o p e r a t o r .  The torque  equation  can now b e  
w r i t t e n  as 
The first pa r t  o f  equa t ion  (11 )  i s  t h e  i n e r t i a  d y a d i c  f o r  a system of  
mass p a r t i c l e s   t h a t   c a n   b e   e x p r e s s e d  as d ( IbGb/ i ) /d t .  The second  par t  of 
equat ion  (11)  represents  the  ra te  of  change  of  t he  angu la r  momentum o f  t h e  
d i s t o r t i n g  p o r t i o n s  o f  t h e  s a t e l l i t e  r e l a t i v e  t o  t h e  r i g i d  s t a b i l i z e d  
pack  age .
The torque T can   be   s epa ra t ed   i n to   t he   ex te rna l   t o rques  on t h e  body 
- 
- 
Te/b  and t h e   r e a c t i o n   t o r q u e  Td/b due t o   t h e   i n t e r a c t i o n   o f   t h e  main  body 
11 
and  damper boom. For  the main  body equat ion (11)  can then be wri t ten as 
Likewise a similar expres s ion  can  be  ob ta ined  fo r  t he  damper boom. 
- 
T + T  d e/d  d/b - - d t i  ( f d  * w -d/ i ) + x d m d  [.d x (%-) + 6 d/ i x x 
md 
The vector equations (12) and (13) when expanded in to  sca la r  form were  in te -  
gra ted  by  a d i g i t a l  c o m p u t e r  u n t i l  t h e  s t e a d y  s t a t e  was reached. 
1 2  
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TABLE 1.- SATELLITE  CHARACTERISTICS 
Parameter 
la in  Body 
S t a b i l i z e d   p a c k a g e  
Mass , kg 
Diameter, m 
Length, m 
Diameter , m 
Mass p e r  u n i t  l e n g t h ,  kg/m 
Tip mass, kg 
R e f l e c t i v i t y  
Angle t o  v e r t i c a l  r e f e r e n c e ,  d e g  










Diameter,  m 
Tip mass, kg 
R e f l e c t i v i t y  
Angle t o  p l a n e  o f  main booms, deg 
Moment o f  i n e r t i a  a b o u t  h i n g e ,  I d ,  
i Mass p e r   u n i t   l e n g t h ,  kg/m 
a 
F E kg-m2 
6 Damper parameters  
? Damping, B (dimensionless)  
(D Spr ing ,  C (dimensionless)  
Y 
I- 
T o t a l  S a t e l l i t e  Mass I O r b i t  
I- P e r i o d ,   h  
? 
G.1 Angle   b tween   sunl ine   and  orb i t  
cc, normal,  deg 
w 
E c c e n t r i c i t y  
N 
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